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Abstract 
Biofuel is a renewable and sustainable energy as an substitute of fossil fuel. In China, the key challenge to develop 
biofuels is how to balance the competition of food and bioenergy and supply a sustainable feedstock. Sweet sorghum 
is highlighted as a multiple platform plant which can supply grain, sugar, cellulose and feed. In addition, sweet 
sorghum has so good tolerance of drought and sterilize that it can grow on marginal land. However, the loose stalk 
pith of sweet sorghum results in the infeasibility of liquid fermentation technology due to the considerably high 
energy consumption.  
In present research, an integrated process combined advanced solid-state fermentation technology (ASSF) and 
alkaline pretreatment was presented in this work. Soluble sugars in sweet sorghum stalks were firstly converted into 
ethanol by ASSF using crushed stalks directly. Then, the operation combining ethanol distillation and alkaline 
pretreatment was performed in one distillation-reactor simultaneously. The process was optimized according to the 
yield of sugar-ethanol and amounts of monosaccharide released from SSB. In our novel process, energy consumption 
of mechanically squeeze and pretreatment of SSB was avoided. Meanwhile, the recalcitrance of lignocellulose was 
destructed and the biodegradation of lignocellulose into chemical products is feasible to achieve. Cellulosic ethanol 
as a model product was studied by using this novel integrated process. The mass balance of the overall process was 
calculated, and 91.9 kg was achieved from one tonne of fresh sweet sorghum stalk. Energy consumption for raw 
materials preparation and pretreatment were reduced or avoided in our process. To produce 1 tonne of ethanol, the 
energy input in this process was 12,481.2 MJ/tonne, while the energy input in other cellulosic ethanol processes is 
from 17,430 to 33,330 MJ/tonne.  
Based on this technology, the recalcitrance of lignocellulose was destructed via a cost-efficient process and 
structural carbohydrates in sweet sorghum stalks were hydrolysed into fermentable sugars. Bioconversion of 
fermentable sugars released from sweet sorghum bagasse into different products except ethanol, such as butanol, 
biogas, and chemicals was feasible to operate under low energy-consumption conditions. So it is considered as a 
promising process to produce biofuels at commercial scale. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Biofuel is a renewable and sustainable energy as a substitute of fossil fuel. In China, the key challenge 
to develop biofuels is how to balance the competition of food and bioenergy and supply a sustainable 
feedstock. Sweet sorghum is highlighted as a multiple platform plant which can supply grain, sugar, 
cellulose and feed. In addition, sweet sorghum has so good tolerance of drought and sterilize that it can 
grow on marginal land [1]. For these reasons, sweet sorghum has been regarded as a very promising 
energy crop in the future. There are two major technologies to convert soluble carbohydrates in the stalks 
into ethanol. One is liquid fermentation; the other is solid-state fermentation [2, 3]. However, the large 
loose stalk pith of sweet sorghum results in the infeasibility of liquid fermentation technology due to the 
considerably high energy consumption. Advance solid state fermentation (ASSF) technology has been 
designed by our research team to resolve this problem [4].  
Cost-competitive ethanol production from sweet sorghum requires the bioconversion of all 
carbohydrates, including that of the sugar and lignocellulosic fraction into ethanol. In order to increase the 
utility efficiency of feedstock, the recalcitrance of the lignocellulosic fraction of sweet sorghum stalks 
was broken by an integrated process which combined alkaline pretreatment with distillation of ethanol in 
the sweet sorghum bagasse. After this special treatment, the structural carbohydrates of the stalks are 
feasible to bio-digest due to its high enzymatic accessibility.  
The optimized process conditions were studied. Moreover, the simple technol-economic analysis 
which used ethanol as a model production was estimated.      
2. Results and Discussion 
2.1. Process flowing of the integrated processes 
Sweet sorghum stalks are rich in both both non-structural carbohydrates (sucrose, glucose and fructose) 
and structural carbohydrates (cellulose and hemicellulose) and structural carbodrates [5]. ASSF 
technology has several advantages to convert the soluble sugars into ethanol, such as simple crush 
without high energy consumption of squeezing juice, a small amount of waste water, shorter fermentation 
time, and so on. Based ASSF technology, ethanol occupied in the sweet sorghum fermentation bagasse 
can be collected by simple distillation. Considering the process condition of simple distillation of 
bagasses is similar to the alkaline pretreatment condition of lignocellulosic biomass. An integrated 
process flowing was explored. The process flowing of the integrated processes is shown in Figure 1.  
Fig. 1. Process flowing of the integrated processes to produce ethanol from sweet sorghum stalks 
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From Figure 1, it is obvious that the integrated process retains all the advantages of solid-state 
fermentation technology, such as lower energy consumption for biomass material preparation and less 
waste water. Moreover, the equipment and the extra energy and time consumption for pretreatment was 
avoided by combining distillation and alkaline pretreatment in one step. Compared with ethanol 
production technology using sweet sorghum bagasse (obtained after extraction of juice from sweet 
sorghum stalks), this integrated technology significantly reduced energy consumption and the investment 
of infrastructure needs of pretreatment.  
2.2. Optimization of the integrated processes  
The results of distillation with addition of alkalis revealed the addition of alkalis did not affect the 
distillation of ethanol during distillation step. That implicated combination of alkaline pretreatment and 
distillation was feasible. In order to optimize the process condition, alkali types, alkali dosage, 
pretreatment time, enzymatic hydrolysis condition were studied.  
Three kinds of alkalis, those was NaOH, KOH, Ca(OH)2, were investigated. The results demonstrated 
NaOH was the best alkaline reagent to remove the lignin and increase the glucan conversation rate of the 
substrates. The best dosage of NaOH is 10% g/g dry substrates.  
Response surface method (RSM) was performed to optimize the enzymatic hydrolysis and 
fermentation process. In order to increase the utility of carbohydrates, an engineering strain Z. 
MobilisTSH-ZM-01 which can utilize C5 and C6 carbohydrates was used to ferment all released sugar 
from the bagasse into ethanol. The pre-hydrolysis time, solid to liquid ratio, cellulase dosage and xylanase 
dosage were investigated. The optimized condition was including cellulase loading at 0.04 g/g-glucan 
(8.55 FPU/g-glucan), xylananse loading at 0.01 g/g-xylan (176.58 U/g-xylan), pre-hydrolysis duration for 
72 h and solid–liquid ratio of 1:9. After 96 h (72 h pre-hydrolysis plus 24 h SSCF) simultaneous 
saccharification and co-fermentation (SSCF), 69.49% ethanol theoretical yield was achieved. The final 
ethanol concentration was 29.16 g/L.  
2.3. Mass balance of the integrated processes  
The mass balance of the integrated processes was calculated based on one kilogram dry weight of 
sweet sorghum stalks. The ethanol yield of the ASSF was 87.5%. The ethanol yield of the SSCF was 
55.6%. The total ethanol yield of the integrated processes was 71.82%.  
Fig.2. The mass balance of the integrated processes
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Although the ethanol recovery was not high, the ethanol yield was 328 kg ethanol /tonne dry sweet 
sorghum stalk. This value was higher than the average cellulosic ethanol yield of 300 kg/tonne of biomass 
[6] and the soluble sugar ethanol yield of 280 kg/tonne [7].  
3. Conclusion 
A low-energy consumption process for ethanol production involving first and second ethanol 
production from sweet sorghum was designed in this present study. Extraction of sweet sorghum juice 
was avoided in our novel process. Energy and time consumption for pretreatment of sweet sorghum 
bagasse was also avoided by combining the pretreatment step and the first-generation ethanol distillation 
step in one step in one reactor, so the capital cost for the pretreatment reactor was also saved. Based on 
this technology, the recalcitrance of lignocellulose was destructed and the biodegradation of 
lignocellulose into fermentable sugar is feasible to achieve. Bioconversion of sweet sorghum bagasse into 
different product such as biogas, butanol, and chemicals from fermentation of sugar was feasibly 
performed under low-energy consumption conditions, so it is considered as a promising process to for a 
sugar-based lignocellulosic resource, such as sweet sorghum and sugarcane.  
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